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1. INTRODUCTION

Operational m ilitary deci siQn makers in the western
North Pac ific routinely use informat ion on average tropical
cyclone forecas t errors In order to de term i ne ac ti ons require d
to evacua te, evade or protect against storms . For example ,

• U .S. m ilitary staff meteorologists incorporate average fore-
cas t error statistics in their decision-making recommendations
of typhoon cond itions 1 for Department of Defense installations.
These recommendat ions therefore impact the planning for the
evacua tion of aircraft from a threatened base or the level of
base shutdown preparedness. Average error statistics are

• also used in regards to decisions concerning ships whether in
port or evading at sea. Because of the number of tropical
cyclones traversing the western North Pacific each year
(approximately 35), and the large number of ports and bases
and installations used directly and indirectly by the U.S.

• m ilitary which may be in the paths of these tropical cyclones ,

suc h dec i si ons , whether right or wrong, are made frequently.

Avera ge forecast error Informat ion currently available

does not provide the most accurate decision-making inputs
now poss ible. If more accurate information was available it
could be of si gnificant value to Department of Defense
dec i si on makers , and could provide valuable guidance on
optimum evasion and evacuation tactics.

It should be emphas ized t$iat decision lead times for

sh i ps are , of course , much lon9er~than for aircraft evacuation

or base pre paredness. Ships have to get underway well before

winds and seas start to affect significantl y their ability to

1Conditione of readineBe relating to expected deetructive
winde .

— 1 —  •
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maneuver clear of a harbor and thereafter their speed-of-
advance. Since decision errors are a function of forecast
errors which Increase as a function of time between forecast

• and verif ication , a larger number of incorrect decisions
could be expected for ships than for aircraft evacuations or
base closures.

Thus the need ex ists for an analysis of the variations
in the western North Pacific forecast performance for differ-
en t areas, times of the year as well as for those tropical

• cyclones having recognizably different characteristics. This
• study attempts to do such an analysis with the following

goals:

(a) To develo p a tropical cyclone forecast error data
set to provide a basis for statistical analysis of past
errors an d provide a benchmark for future error improvements.

(b) To identif y situations where the forecasts are very
good or very bad in order to allow maximum concentration of
resources for quick reduction of the largest errors.

(c) To prov ide probabilit y algorithms for an estimate
of the forecast errors of warnings in order to assist western
Pac i fi c commanders i n operational dec i si ons regard i ng the
pro tection and evacuation of military resources.

(d) To stratify errors for 24- , 48- , and 72-hour fore-
cas ts based on various parameters such as location , time of

year , and var ious tropical cyclone characteristics.

(e) To de termine If the year to year variations in
forecast accuracies are real or random deviations about a long
term mean and , If real , determ ine the reasons for the
varia tions.

- 2 -
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2. DATA AND METHOD OF ANALYSIS

-• The Jo int Typhoon Warning Center (JTWC), Guam provided
10 years (1966-1975) of forecast and “best track”2 tropical
cyclone information for the bas ic statistical analysis. The
da ta set included the 24- , 48- and 72-hour official forecasts
Issued by the JTWC. 6150 six-hourly best track positions
for 317 tro pical cyclones (including depressions , tropical
storms and typhoons) were examined. There were some storms ,

however , that were so short-lived as to provide no verifying
forecasts. These were no t represented in the data set that
was statistically analyzed . For Instance, to verify an error
d istance for the 24-hour forecast, a best track must be avail-
able 24 hours later. If, in that 24-hour period , the storm
diss ipated and was no longer iden tified by a best track
posi ti on , the forecast could not be verified . This also
accoun ts for the fact that fewer cases were verified for

72-hour forecasts than for 48 hours , and fewer 48-hour than
24-hour forecas ts. The verif y ing cases totaled as follows :

• 24 hours - 4809 forecasts
48 hours - 3038 forecasts
72 hours - 1372 forecasts

The follow ing parameters were also analyzed for each forecast

initiation time :

1. Max imum wind
2. Lat itude
3. Long itude
4. Wes t-east component (positive to the east) of

tropical cyclone movement
5. Sout h-north component (positive to the north) of

tropical cyclone movement

2A poat-ana lyaia Bet of poeitione and maximum winds based
on all available information.

• _ • - _--.••_.~ -_i•••. J
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6. Pos ition number on storm track (related to warning
number and leng th of existence of storm)

7. Number of storms i n progress at forecast ti me
8. Month
9. Error d istance (forecast position to best track

posit ion)
1 0. Direction from forecast position to best track

pos i ti on

The 1 976 data was processed in a similar manner , but
reta ined separately for independent testing. In this data
Set there were 625 best track positions at six-hourly inter-
vals for 25 tropical cyclones and the verifying cases totaled:

24 hours - 524 forecas ts
48 hours - 424 forecasts
72 hours - 332 forecas ts

The 1 966-1975 basic data set was then examined by stepwise

mul tiple linear regression and discriminant analysis techniques •

to determine basic statistical relationships between parameters
and find parameters related to forecast errors . The results
were then tested on the 1976 data set. The resul ts of th e
statistical analysis were also used to examine the year-to-year

var i a ti on i n forecas t accurac y as wel l as the trend dur i ng the
11-year per iod.

I
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3. DISCUSSION OF RESULTS

3 .1 L i near Regress i on and Corre l ati on Anal ysi s

The initial statistical analysis of the variables employed
the UCLA Biomedical computer program BMDO2R stepwise multiple
l inear regression (Dixon, 1970). Tables 1 and 2 summarize the

• means , standard deviations , var iances explained , and the
correla tion matrix of the first nine variables discussed above
for the 24- , 48- and 72-hour forecasts. The maximum coeffi-
d ent of any available predictor on the magnitude of the

• forecas t error (at either 24, 48 or 72 hours) was 0.185.
However , many of the correlations were significant on the 1%
lev el. The maximum total explained variance of the error
d i stance was less th an 11% . The var i able s con tri bu ti ng mos t
to the explained variance were the maximum wind , latitude ,

longitude, wes t-east movement and south-north movement. The
conce pt of predicting the error was then oriented toward a
d i scr i minan t anal ysi s where forecasts coul d be i d en tifi ed , and
hope fully forecast, as either “good” or “bad. ” Th is will be

d iscussed later.

3.2 Tren ds

In order to examine the forecast errors in more detail ,

the errors were stratified and mean errors were computed for

each stratification alon g the range of each variable. Signifi-

can t trends were evident. 3 In the analysis , stratifications
were selected to keep the number of cases in each group -

•

rela tively high. Frequencies are typicall y a few hundred and

• are no t indicated except where they drop below 100. As an aid

in interpreting the forthcoming figures , rela ti ve freq uenc i es ,

3Trends to be discussed Were subjected to “t” tests and
moat were Bhown significant at least at the 5% level with
some at the 1% level.

- 5 -
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Table 1. Basic statistical information of the stepwise
multiple linear regression analysis (1966-1975 data).

STANDARD VARIANCE EXPLAINED (% )
VARIABLE MEANS DEVIATION 24-HR 48-HR 72-HR

MAXIMUM WIND

33.9 14.8 1.7 0.7 0.2
(kt) (65.9) (28.8)

LATITUDE (°N) 1 8.7 6.3 4.2 1.1 0.6

LONGITUDE (°E) 135.0 14.6 1.8 2.3 2.3

WEST-EAST MOVT

ms 1 -2.8 3.3 0.1 1.7 1.5
(kt) (-5.5) (6.4) 

_______  ______  ______

SOUTH-NORTH MOVT

ms~~ 2.0 2.1 0.3 0.3 0.1
(kt) (4.0) (4.1) 

_______  ______  ______

POSITION NUMBER 1 3.5 10.6 NE NE NE

NUMBER OF STORMS 1. 5 0.7 0.3 0.2 NE

MONTH 8.7 2.3__-~ NE NE 0 .1

24-HR FORECAST
ERROR:

km 233 150
(n m l) (125.7) (80.8)

48-HR FORECAST
ERROR:

km 458 285
(n m i) (247.0) (153.8) 

_______  ______ _______

72-HR FORECAST
ERROR :

km 685 419
(n m l ) (369.4) _ (226.0) 

_______  ______  _______

TOTAL VARIANCE EXPLAINED (%) 10.5 8.8 6.6

NE: W as rejected in linear regression

- 6 -
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all based on 4809 cases , are shown for the 24-hour forecasts.
Since they are in percentages of the total , the distributions
roughly ap ply also for 48- and 72-hour forecasts.

3.2.1 Geographic Position

In each of the 24- , 48- and 72-hour forecast situa-
tions, the mean forecast errors were minimal at lower
la titudes (FIg. 1(a)), gradually increasing with latitude.
T hi s i ndicates , as ex pected , tha t s torms are more accura tel y
forecas t before they recurve and move into higher latitudes.
Mean forecas t errors decrease with decreasing east longitude
(Fig. 1(b)). Generally, a forecas t for a storm i n a more
wes terly position is one based on a longer than average
history , and is in an area of better synoptic data and land
radar coverage , given the proximity to the Philippines , Ta iwan ,
and Ch ina , and other continental areas west of 130E.

The geographic variations of mean 24- and 48-hour fore-
cas t errors can be seen in Fig. 2. This figure dramatically
shows , for example , the d ifference between tropical cyclone
forecast errors for trop ical cyclones affecting the Philippines
versus those affecting the Japan/Korea area.

3 .2. 2 Max imum W i nd

Max imum wind is another important parameter. As
shown in Fig. 3, the mean errors decrease with increasing
max imum wind speeds , indicating that better developed tropical
cyclones are more accurately forecast. It should be noted
that better developed tropical cyclones are generally ones
w it h lon ger hi stor i es and more accura te cen ter l oca ti ons.
These influences will be discussed later. This general trend
between forecast error and maximum wind is visible for all
three forecast  ti mes.

- 8 -

A



F •-.--—‘
~~
— — .  

~~. • ~.-•..~~~~ —,,.~~•--••-——.,--—-.w,•-- - .-•— .——•,- .—‘ -•-• —---.

MEAN ERROR STRATIFICATIONS

NMI 
a. LATITUDE b. LONGITUDE 

K M

450 NUMBER OF CASES PER STRATIFICA TION SHOWN WHEN LESS THAN 100

~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

H

~~~R!

I: ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ H~~~~~~ R 

I

80 148

24 HOUR FREQUENCY DISTRIBUTION ( % )

— 20 —

<8 10 14 18 2 26 30 >32 <114 120 132 144 158 ‘162
LAT ( N )  LONG (‘E)

Figure 1. Mean error stratifications by latitude (a) and
longitude (b).
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Figure 2. Geographic distribution of mean 24-hour (a) and
48-hour (b) forecast errors for western North Pacific
tropical cyclones. Errors are based on 1966—1975 data
and relate to mean forecasts from initial positions.
Values are given in kin ( ) and n ml.
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Figure 3. Mean error stratifications by maximum wind.
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3.2.3 Direction of Movement

Forecasts are generally better for tropical cyclones
— moving west (Fig. 4(a)) and become progressively more diffi-

cul t as westward movement diminishes and becomes eastward as
associated w ith recurvature. As for the south-north component
(FI g. 4(b)), the best forecasts are centered at or near zero ,
aga in implying better forecasts when the storm is moving west
w ith little or no deflection north or south. Errors increased
markedl y for storms moving south , as wel l  as for trop i cal
cyclones movin g north , as would be assoc i a ted w it h recurvature.

3.2.4 Mul tiple Storms

Figure 5(a) shows a relationship between number of
tropical cyclones occurring simultaneously and an increase in
forecast error. Th is is reinforced by Fig. 5(b) which
exam ines distance to the nearest storm as a function of fore-
cast error. W ith tropical cyclones in close proximity (less
than 11 12 km [600 n mi)) forecast errors increase dramatically.
The time of year also relates to number of tropical cyclones

H occu rr i ng s imultaneousl y an d the mon thly var i at i on of forecas t
errors can h~ seen in Fig. 5(c). The peak months of tropical -;
cyclone activity produces generally larger errors at 24 and
48 hours with large variations occurring in the 72-hour errors
due in part to the smaller sample sizes for this forecast time
per iod .

3.2.5 Position Numbe r and Initial Position Accuracy

The length of storm history , as measured by the
pos iti on number , showed a trend congruous with that of maximum
w ind for the 24- and 48-hour forecasts. As shown in Fig. 6(a),
as the storm ’ s his tory (and therefore development) increased ,

the forecas t errors decreased. This error trend is strongest
in the 24-hour situation, decays for 48 hours and is not
apparen t at all for 72-hour forecasts as might be expected

- 12 -
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MEAN ERROR STRATIFiCATIONS
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Figure 4. Mean error stratifications by west-east (a) and
south-north (b) components of movement .
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Figure 5. Mean error stratifications by number of tropical
cyclones occurring simultaneously (a); distance to the
nearest storm (b); and month Cc).
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MEAN ERROR STRATIFICATIONS
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Figure 6. Mean error stratifications by point on track
(position number which is related to life cycle or
length of existence of tropical cyclone) (a) and
initial position error (b).
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with tropical cyclone recurvature occurring late in the
storm history .

The last var iable, initial position error was
evalua ted using initial “warnin g position ”4 da ta ava i la b le
from 1971-1975. The consi~stent and prominent trend shown in
F ig. 6(b) documents that the mean forecast error increases as
the initial position errors increase. This supports the basic
forecas ting premise that accurate observations are necessary
for accura te forecasts . This finding is in general agreement
w it h the f i nd i ngs i n the A t lan ti c of Neumann and Ho pe (1 972 ) ,
Neumann (1975), and Sanders and Gordon (1976), who found that

for Atlantic hurricanes , the initial position error was
important in objective forecasts .

T he s l o pe of the rela t ionsh i p of i n i t i al pos i t i on
error to forecast error is interesting. A 23.2 km (12.5 n ml)
initial position error relates to a 37.1 km (20 n mi) fore-

cas t error , approximating the 24-hour slope. A strong

~ela tionshi p also exists at 48 hours and even at 72 hours.
Th is is an important consideration since different reconnais-

sance platforms have different initial position errors. For

example , the mean in itial position error of the Defense
Meteorological Satellite Program (DMSP) in 1976 for the western
Nor th Pacific was 56.5 kin (30.5 n ml), w hi ch was th e basis for
some 30.4% of the tropical cyclone warnings issued by the JTWC .

Whereas , the mean initial position error of aircraft recon-
na i s sance for 1976 i n the western Nor th Pac ifi c was 32. 8 km
(17.7 n m l), which was the basis for some 44.3% of the tropical
cyclone warnings. This will be discussed in more detail later.

4 The “warning position ” is the pos ition the forecaster
feels the trop ical cyclone is located at time of issuance of
the forecast. The difference between the Warning position
and the po st analyoie beet track po sition is the initial
po sition error.
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3.3 Autocorre latlons

To th is point, the forecasts (and hence forecast errors)
have been tacitly assumed to be independent of each other.
In real i ty , success ive six-hourly forecasts for a particular
storm are strongly correlated. This can be seen in Table 3
wh ich gives the estimated autocorrelation coefficients between
errors from success ive forecasts with lag times out to 36
hours. In general, it can be seen that autocorre lations at
any given time lag increase as the forecast interval increases.

Table 3. AutocorrelationS between forecast errors
of successive forecasts.

TIME LAG (HOURS) 24-HR 48-HR 72-HR

0 1.000 1.000 1.000
6 .665 .790 .838

12 .432 .587 .675
18 .291 .432 .476
24 .21 3 .305  .371
30 .173 .212 .127
36 .181 .171 .177

3.4 Discriminant Analysis

The UCLA Biomed ical computer program BMDP7M (Dixon , 1975)
was used to attempt to discriminate between forecasts likel y to
produce large errors and those likel y to produce small errors.
The cases were classed in three groups according to their known

24-hour errors. Group 1 cons isted of cases where the magnitude

of the error was less than the median In both W-E and S-N

com ponents. Group 2 had one component above the median and the

other below the median while Group 3 had both components above

the median. The percentage of cases fall ing into Groups 1, 2

and 3 was 30% , 46% and 24% , respec tIvely.
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The d iscriminators made available for the analysis were
those variables previously discussed wh ich were shown to be
related to error magn itude and would be known to the fore-
cas ter as he made his forecast. These were : (1) latitude; -:

(2) longitude; (3) maximum wind; (4) number of storms in
progress; (5 and 6) the two components of motion over the
prev ious 12 hours; (7) month; and (8) distance to the nearest
“other ” s torm , if one was present otherwise a large default
num ber was assigned. Of the above parameters , the first six
were selec ted by the analysis program as significantly
contributing to discrimination. 5

Typ ically, Group 1 was characterized by well developed
tropical cyclones (typhoon intensity ) in the western part of
the region at low latitudes and moving generally west. A
Grou p 3 forecast was typical during or after recurvat ure and
included the total spectrum of tropical cyc~lone i ntens i t i es.
Grou p 2 included many low latitude weak depressions or tropical
cyclones of all intensities at or near typical recurvature
la titudes but not as yet exhibiting recurvature. Also included
in Group 2 were many otherwise Group 1 cases in multip le s torm
s i t u a t i o n s .

The forecas t error distributions are illustrated in
Fig. 7 by means of 40% probability ellipses bases on the
assumption of a bivar iate normal probability distribution .6

Ell ipses are given for each group for 24- , 48- and 72-hour
forecasts although the discriminant analysis was based on
24-hour errors only. The mos t prominent difference in the
three sets of ellipses is their size. The area within each

5The resulting classification functions are shown in
App endix A.

6For comparison purpo ses, 70% and 90% probabilit y e l l ipses
relate to distributions 1.55 and 2.15 times , re spectively, the
axis value s depi cted by Fig. 7.
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Figure 7. The 40% probability ellipses for each forecast
interval for (a) Group 1; (b) Group 2; and Cc) Group 3
forecasts. The origin is the forecast position with
each ellipse center the average verifying position
relative to forecast position.
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of the Group 1 ellipses is roughly half that of the corres-
ponding Group 3 ellipses. The orientation of the major axis
i s s i mi lar for all three groups.

The b ias or offset of the ellipse center from the dia gram
or igin is striking for Group 2. The bias to the southwest
means forecasts were , i n the mean , too far northeast. This
could be the result of over anticipation of recurvature !
Al though the bias Is much less for Group 3, it is in the
opp os i te d i rect ion perha p s due to underes ti ma ti on of th e
accelerat ion of recurved tropical cyclones. The bias is small
but sl ightly to the west for Group 1 . Since these are basic-
all y east to west moving tropical cyclones , this would indicate
speed i s in t he mean sli ghtly under fore cas t .

The 1976 cases were tested for fit into various probability
ell ipses constructed on the dependent data . Figure 8 shows the
resul ts of this test. In each of the small graphs the 450 line
represents the expected result while the dots connected by line
segments represent the observed fit. The maximum deviation is
indicated by a vertical arrow. Using the Kolomog orov -Smirnov
test (Massey , 1 951) based on the effective number of independent
cases , none of these differences are significant at the 5%
level .8 The ellipses were generally conservative because 1976
forecasts were better than the 10-year average perhaps
reflecting a general improvement of forecasts over the eleven
years involved.

7As an example for a sing le year , the 1967 tropica l
cyclone season had many east-west moving tropical cyclones
with below average number of recurving tro p ical cyclones.
The 72-hour forecast error bias was 172 km (93 n mi) to the
southwest for Group 2 cases.

8Because of high autooorre lation, the sample siz e was
reduced by 1/4 to aocount for samp le dependence (after Brooks
and Carruthers , 1953).
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Figure 8. The 1976 verifying positions that fell into 25,
50, 75, 90 and 95% pro! ability ellipses by Group and
Forecast (24, 48, and 72 hours). Maximum deviation is
indicated by vertical arrow.
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For c o n t r a s t  the  G r o u p  3 and  G r o u p  1 f o r e c a s t s  were
i n te rchanged  and the ell ipses were aga in  t e s t e d .  Figure 9

shows the r e s u l t s  of t h i s  t e s t .  The Group 1 forecast errors
are clearly not represented well by the large Group 3 ellipses
and conversely the Group 3 forecasts are poorly represented
by the Group 1 ellipses.

3.5 Annual Variability

Perha p s the mos t interes ti ng face t of the exa ’mi na tion
of tropical cyclone forecast errors is the extent of annual
var iability and possible reasons for the variations. Figure
10(a) shows the annual mean errors for the 11 years 1966-1976.
The picture has been described as a steady improvement to a
m inimum in errors in 1970, then an unsteady but generally
worsen ing trend in the years since. The least squares trend
lines indicate minor improvement over the total period , however ,

the slopes are too shallow to be conclusive.
A number of factors have been examined to isolate reasons

for the large year to year variability . The performance of

objective forecast techniques tends to parallel that of the
official forecasts . Figure 10 (b) shows the annual variation
of simple linear extrapolation , or persistence as a forecast
technique. The persistence error depicts a measure of how well

behaved or l inear  the t racks  were .  Th i s  e x t r a p o l a t i o n  is based
on “best track” or post ana ly s i s posi ti ons. Of course the
forecaster faces uncerta i nty i n the loca ti on an d recen t hi s tor y
of the tro pi cal cyclone , neverthe l ess , the similarity in the

tw~ curves illustrates the vulnerability of the forecasting
system to major track or speed changes.

Another measure of var iability i s the type of forecas ts
wh ich make up a year. That is , the percentage of the year
made up of the type expected to give large errors versus those
expec ted to give , small errors. In Fig. 10(c), the annual mean
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Figure 9. The 1976 verifying positions that fell into 25,
50 , 75 , 90 and 95% probability ellipses for Group 1 into
Group 3 ellipses and Group 3 into Group 1 ellipses for
24 , 48 , and 72 hours . Maximum deviation is indicated by
vertical arrow.
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Figure 10. The annual variation of (a) mean tropical
cyclone official forecast error; (b) mean persistence
error; Cc) mean Group number; (d) percentage of warnings
based on reconnaissance and satellite; and (e) number of
JTWC duty officers.
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grou p numbers are shown . This comes from the discr iminant
ana l ys i s p rev i ous l y descr i bed where  Grou p  1 re p resen ts  a
re la ti vel y easy forecas t and Group 3, a d ifficult forecast.
For e x a m p l e , 1970 was dominated by Group 1 forecasts and the
mean grou p ~~~~~~

- er is well below 2.0. The 1975 season was
dom i na ted by the d i f fi cul t Grou p  3 fo recas ts an d th e mean grou p
num ber is above 2.0. The general characteristics of the curves
of Fig. 10(c) follow those of Fig. 10(a), particularly from
approximately 1968 or 1969 to 1976.

Figure 10(d) shows the percentage of warnings issued by
th e JTWC based on a i rc ra ft reconna i ssance  and sa te l l it e da ta.
There is qualitative correspondence between large percentages
of warn i n gs based on reconna i ssance  in  th e m i d d l e  years  and
generally lower forecast errors . Forecast errors are larger

with the l ower percentage of warnings based on reconnaissance

data i n t h e ea’rly years and the later period. In the years
after 1971 satellite data has to some extent replaced recon-

na issance, but as indicated previously initial position error

i s h i ghl y r e l a ted to forecas t  er ror  and the i n iti al pos iti on
error for reconnaissance is less than for satellite data . For

1976 the initial position error was 32.8 km (17.7 n mi) for

aircraft reconnaissa nce versus 56.5 km (30.5 n m l ) for DMSP.9

It  seems a pp aren t tha t t he re d uc ti on of a i rcra ft reconna i ssance
has had an impact on the forecast errors. In addition , in the

years  s i nce 1971 , aircraft reconnaissance in the western North

Pac ific has not had the use of the powerful APS-20 radar which

provided excellent tropical cyclone “stand-o ff” fix capabi lity .

91t should also be pointed out that the DMSP program has
been part icularly beneficial or coat saving in the reduction
of iflve8tigatiVe aircraft missions which are flown when the
development or formation of a tropical cy clone is imminent.
Inv estigative missions have been cut ov er the last four years
from about four to one per tropical cyclone , which translates
into an annual savings of nearly $1 mill ion (Pilipo wskyj, 1977a) .
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Another factor  which has changed at the JTWC in recent
years Is numbers of duty officers or forecasters. The number
of forecas ters  has h i stor i c a l l y been s i x , the D i rector ,
Operat ions Of f i ce r  and four duty o f f i ce rs . As can be seen by

F 
Fig. 10(e), the number of duty officers present during the year
has been increased in recent years. It is certainly not clear

that th is increase has led to an improvement in forecasting.
But the quest ion is: Has there been an improvement in fore-
cas ting in recent years? This will be addressed next.

One of the ma jor objectives of this study was to examine
the longer term change in the forecasting system. This is

useful not only as a basis for evaluating the effectiveness of

the system, but serves a more important purpose. Over the
nex t few years the tropical cyclone warning system in the
western Nor th Pacific will rely increasingly on dynamic models
as a ma jor Input. It Is then important that a baseline be
established for relatively short term evaluation of the system ,
hopefully to measure improvements , bu t  a l s o  as a gua r d a ga i ns t
system degradation.

To establ ish such a ba seline the year to year performance
must be normal ized or adjusted. Annual mean error is a poor
measure of performance because clearl y some years are heavily

loaded wi th difficult forecasts and others weighted toward
easier forecasts. As a normalizing tool , a measure of diffi-
culty Is necessary . The distribution of forecasts into the
three groups presented earlier is one possible measure . The
1970 season was heavily dominated by the relatively easy Group
1 forecas ts , and 1975 by the difficult Group 3 forecasts. The
mean group num ber explains about 30% of the year-to-year
variance in mean error. Another important component of error
is how persistent the tracks were. The annual persistence
error explains from 30 to 50% of the annual variance. Clearl y

these two measures are not independent. Their correlations
decrease in time from about 0.50 at 24 hours to 0.25 at 72
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hours. Another Impor tant component of error Is the error in
the init ial position. This error is assumed to “e independent
of the two previous measures. Initial position e.ror has been
documented on a case by case bas is , since 1 971 and annual means
are ava ilable since 1970. There are other factors such as the
introduction of objective techniques , i ncreased knowledge
concern ing the behavior and characteristics of tropical
cy clones , improvements In the mid-latitude prognostic models ,

data (synoptic and satellite) availability , and changes  i n
personnel . These are less tangible and will for the moment be
ignored.

A system of handicapping the annual errors has been
dev ised to adjust for annual forecast difficulty and the
var i ab i l i ty i n i n iti al pos iti on error or more spec i f i c a l l y
reconna issance support. The first component of the handicap-
ping system is based on a two predictor least squares
regression equation. The predictand is annual error (AE in
km) and the predictors are the annual mean group number (G)
and the annual mean pers istence error (P in km) as follows :

AE 24 -76.4 + 0.779 P24 + 79.1 1241 (1)

AE 48 = -86.5 + 0.748 P48 + 112.8 G48, and (2)

AE 72 = -227 .0  + 0.738 P72 + 207.1 G72 (3)

These equa tions explain 43, 62 and 79% of the variance in the
annual mean errors at 24, 48 and 72 hours , respectively.

The second componen t of the handicap is based on the
percen t of forecasts issued where the initial position was
based on aircraft reconnaissance. This percentage is known
for the 11-year period. This percentage was converted to an
equ ivalent annual mean in itial position error by assigning
33.3 km (18 n mi) as the initial position error for reconnais-

sance based trop ical cyclone forecasts (Harrison , 1975 and
P i l l p o w s k y j, l 977b) and using the known 7 years of Initial
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F position errors to deduce the initial pos tion error value

based on “other ” types of fi xes. These “other ” types include

l and  and s h i p  radar , sa te l l i te da ta , ex tra po l a t i on and syno p t i c
data . Th is average was found to be 64.8 km (35 n mi). The
rela tionship between forecast error (E in km) and in itial

pos ition error (E0 In km) as was shown graphically in Fig. 6(b)

i s as f o l l o w s :

E24 = 154.3 + 1.6 E0 
= 154.3 + 1.6 (33.4R + 64.9 (1.0-R)), (4)

E48 = 363.2 + 2.4 = 363.2 + 2.4 (33.4R + 64.9(1.0-R)), (5)

and
E72 = 617.0 + 2.0 E0 

= 617.0 + 2.0 (33.3R + 64.8(l.O-R)), (6)

where R is the fraction of warn ings during the year that were

based on aircraft reconnaissance .
The two hand icaps were adjusted by subtractin g out the

m inimum annual value. The 1973 season for instance , th e l eas t
d ifficult year based on Eqs. (1) through (3), was ass igned a

zero hand icap for difficulty . In a year when 100% of the
fo recas t s  were based on a i rcraf t reconna i ssance , a zero handi-

cap for reconnaissance would have been assigned. Finall y the

annual mean errors were reduced by the sum of the two handicap

com ponents. Figure 11 is the “unex plained error. ” The trend

is more consistent than the error trend of Fig. 10(a)10 and
reflects In part the “pay-off” or r e su l t from research e f f o r ts ,
i.e., im proved forecas t i n g a i ds and nu mer i cal models , and a
be tter understanding of the tropical cyclone and its surround-

ing environment. Also in the trend line is the result of more 
j

real istic manning of the JTWC in terms of the number of fore-

cas ters as well as any change in the quality or skill level or

10The adjusted error-year correlation is approximately
0.6 as -compared to the actual error-year correlation of 0.3
for Fig. 10(a).
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Figure 11. Annual mean forecast errors adjusted by removal
of elements of the annual variation of persistence,
forecast difficulty and initial position error.
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even mot iva t ion  of the personnel . Additionally, a ra ther
steady improvement in sa tel l i t e  support  no doubt deserves some
of the credi t .  The loss of ship reports w i t h  the p o s t - V i e t n a m
drawdown may have contribu ted negatively to this trend also.

There has long been concern over the rapid turnover of
personnel at the JTWC . The tour len gth is two years . A new
D i rector , who Is a dom inating force in the forecast system ,

was on hand for the 1967 season and for each odd year there-
after. The apparent sawtooth pattern in Fig. 11 supports this
concern. For the five two-year tours , the 24-hour errors were,
on the average, 1 0% greater in the odd or first year as com-
pared to the even years . The 48- and 72-hour forecasts showed
s im i l a r  but  less d i st i nct  n u m e r i c a l  changes .

In order to establish a measure of the forecasters
involvement in forecast errors, a ques ti onna i re was sen t to the
past  f i v e  D i r e c t o r s  of the J o i n t  Typhoon W a r n i n g  Center  and

the resu l ts  are presented in Appendix B.

____-_ 
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4. SUMMARY AND RECOMMENDATIONS

In light of the ob jec t i ves  out l ined ear l ier , for the most
part, the goals of the study have been a t ta ined . It has been
demons t ra ted  t ha t a sma l l  ~umber of read ily available param-
eters can , with reasonable effectiveness , c l a s s i fy a tro pi cal
cyclone forecast as likel y resulting in either markedly above
or below avera ge errors. Group 1 forecasts have a high prob-
abili ty of below average errors with a low probability of
above avera ge errors . Group 2 forecasts have approximately
equal probabilities of being above or below average. Group 3
forecas ts have a low probability of below average errors with
a h igher probability of above average errors . It was found

that the error probability ellipses for all three groups are
oriented approximately the same (major axis - northeast to

sou thwes t ) , bu t the area of the Group 1 ellipses was roughly

half of the area of the Group 3 ell i pses. In addition the
year-to-year variation in forecast errors over the past 11
years in the western North Pacific appears to show continued
i mprovement  once t he errors  are ad jus ted for the a n n u a l  b i ases
that are present which contribute either negatively or posi-
tively to the forecast errors .

The exam ination of additional parameters could improve
the identification of potent ially poor forecasts. Initial
pos iti on error , wh ich was shown to be directly related to
forecas t errors , was not introduced as a discriminator because
it i s not g e n e r a l l y  known to the forecas ter a t the t ime  of the
forecas t. In addition , the synoptic patterns associated with
the tropical cyclone has not been considered. Parameters which
are assoc iated with such features as the Tropical Upper

Tropospheric Trou gh (TUTT), sub tropical ridge and transient

troughs in the wes terlies mi ght prove to be important discrim-
inators especially since they many times relate to the bd sic
problem of tropical cyclone recurvature .
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Two pr ima ry sources of error are implicit from the
statistical analysis: (1) Those related to the recurvature
phenomena -- whether to forecast recurvature or not and in the
speed of mo tion after recurvature; and (2) those errors asso-
ciated with initial posit ioning. Research aimed at these
sources o f fe r s  cons i d e r a b l e  po ten ti al for improvemen t  in
tropical cyclone forecasting. The greatest hope for the
solu tion of the recurvature problem may lie with dynamic
mo de ls , bu t synoptic and statistical studies should not be
i gnored.

The pos i t io n i n g p roblem su gg es ts i m p rovemen t i n the
reconna issance system. While more and better equipped aircraft
is a possible, and perhaps expedient solution , developments in

t he sa te l l it e area may be the u lti ma te s o l u ti on .  Th i s ma y
involve finding a different and more conservative way to define

the location of a tropica l cyclone other than the so-ca lled eye

or est imated center.
A further app l i ca t i on  of the statistical base presently

established would be to derive “ threa t ” or “strike ” probabi li-
ties for specific locations in the western North Pacific. For
exam p le , F i g. 12 gi ves the proba bi l i ty i n teg ra ted over an area
139 km (75 n mi) to the left and 93 km (50 n mi) to the right
of Kadena Air Base, Okinawa relative to the forecast track of
Typhoon Fran. The integration is also performed over time
from that initial time of 1800 GMT , 7 September 1976 to a time

12 , 24, 48 and 72 hours later. —

In add i t i on , another application would be to derive fore-
cast probab ility ellipses (such as 50, 75 and 95%) for specific

forecas t positions out to 72 hours . This could even be carried

a step further by add ing information such as the radius to the

15.4 ms~~ (30-kt) wind or 3.7 m (12-ft) sea to attain a

probab ility for these parameters to aid tropical cyclone

avo idance and decis ion making .

_ _ _  - 
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Figure 12. The “strike” probability of Typhoon
Fran (1800 GMT, 6 September 1976) passing
through the shaded area relative to Kadena Air
Base, Okinawa. The probabilities are based on
the forecast track and the error distributions
for this type of tropical cyclone . Typhoon
Fran did in fact miss the shaded area as the
storm passed to the east of Okjnawa.
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APPENDIX A

The discriminate analysis resulted in three functions
which are l inear combinations of six variables as follows :

C O E F F I C I E N T S

V A R I A B L E  F U N C T I O N  1 F U N C T I O N  2 F U N C T I O N  3

F 
Latitude (deg) -0.06439 0.08352 0.04238
Longitude (deg) -0.03231 0.00274 -0.03928
Max imum Wind (ms1) 0.04371 0.02694 -0.00239
S-N Mov t (ms ’) -0.15719 0.20958 -0.06587
W-E Mov t (ms~~ ) -0.04932 -0.18310 0.01311
Nr. Storms in Progress -0.26096 0.01186 1.05585
Cons tant 4.66511 -3.81310 3.14344

The values of the functions at the group mean for each variable
are as fo l l o w s :

FUNCTION 1 FUNCTION 2 FUNCTION 3

Group 1 0.36059 0.05017 -0.01138
Group 2 -0.04093 -0.07138 0.01688
Group 3 -0.36186 0.07454 -0.01822

In order to de termine which group a forecast would fall
into , each of the f u n c t i ons f1 for i = 1, 2, 3 are evaluated
using the known actual values for the six variables. A
squared distance is then determined from the group mean value

(Ui ,k) for the 3 functions (i) and the three groups (k = 1 ,2,3)
w ith the following equation ,

2 2
Dk 

= 

i~ 1 
(f 1 

- u I ,k) .

The forecast is ass igned to the group (k) corresponding to
the minimum D~ value.
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A P P E N D IX B

One parameter tha t is difficult to quantify is the “man ”

or “woman ” involved in the day to day forecasting of tropical
cyclones. In order to es tab lish a measure of his or her

i n v o l v e m e n t i n the forecas t er rors , a ques t i onna i re was
forwarded to the past five Directors of the Joint Typhoon
Warn ing Center and the responses are summarized below:

1. How lon g does it take to become a “very good”
tropical cyclone forecaster (typhoon duty officer) ?

The ran ge of answers was extremely large -- from
two years to eight years . Although the term “very good” can
be interpreted a number of ways , mos t fel t tha t th i s l evel
could be closel y ach ieved in 3-4 years if the individual
really worked har c1 on develop ing his or her proficiency.

2. Does ab ilit y continue to improve or level off?

The general response indicated that if the indivi-

d u a l s  mot i va ti on and e f fo r t rema i ned h i gh , improvement would

be dramatic the first 2-3 years and then taper off. Since

ab ility was related to experience , the ability to predict the
unusu al even t would continue to increase.

3. What are the characteristics and back grounds of the

“better ” tropical cyclone forecasters?

The cha rac te r i s t i cs  w o u l d  i nc lude :  (a )  a h ig h l eve l
of mot i vat i on , p e r s e v e r a n c e ,  p e r f e c t i o n i s m  and imperturb-

ability ; (b) the ability to integrate data from a variety of

sources into a forecast ;  (c) an avid reader of technical
l iterature with the w illingness to test and evaluate new

techniques; and (d) the ab ility to understand the limitations

of objective techniques and numerical or dynamic model output.
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The background should include good training and
operational experience in tropical meteorology or 3-5 years
opera tional experience in extratrop ical meteorology . Forma l
educa tion , prior research experience and a technical background
in aircraft reconnaissance or satellite data applications would
be relevant but less important.

4. Would permanent trop ical cyclone forecasters do a
better job than the present two year militar y tour?

Four out of 5 answers indicated “yes ,” with one
sugges tion for having a 3 season military tour which would be
an improvement from the present system and with some exceptional
duty forecasters extended to a fourth season. Another suggested
having a permanent chief forecaster (civilian) to maintain
cont inuit y , to develop extensive expertise and to train newly
ass igned forecasters.
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